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coincide with such features, the hydraulic conductivity of material

present is estimated to range from 3x10°8 to 2x107° ft/s.

Undoubtedly, there are many more of these than have been identified

in the Horse Heaven Hills model. Swanson and others (1979) mapped a
number of northwest-southeast oriented shears in the western part of
the study area, but because they parallel regional flow, they do not
cause noticeable changes in hydraulic gradients. Unless such fault

barriers are located during transient calibration, they will usually
go unnoticed.

Hydraulic gradients across shear faults are generally higher in the
Wanapum aquifer than for the same barrier immediately above and in
the Saddle Mountains aquifer. Calibration of the model resulted in
barrier hydraulic conductivities for the Wanapum aquifer that are two
orders of magnitude smaller than those for the overlying Saddle
Mountains; aquifer hydraulic conductivities vary along the length of
each barrier, but this wvariation cannot be related to identifiable
physical features.

(4) A band of higher hydraulic conductivity is found on the upgradient
sides of barrier 3 (fig. 6; Strait, 1978). This same phenomenon can
be observed in the Wanapum aquifer in three areas; specifically,
upgradient of barriers 1, 2, and 3 (fig. 6). However, within the
Saddle Mountains aquifer, this rule does not apply to those areas
adjacent to the lowest structural parts of the area. Those barriers
adjacent to the central and Umatilla synclines have higher hydraulic
conductivities in the Saddle Mountains aquifer on the downgradient
sides. This condition may be related to the high permeability
associated with interbed sands and pillow structures in these
synclines.

(5) The Columbia Hills anticline is thought to function as a barrier of
low hydraulic conductivity by inference from the steep gradients
associated with it in the western parts of the study area, by
inference from low to intermediate hydraulic conductivities along the
Horse Heaven Hills axis, and by inference from the steep gradients
and other data presented by Newcomb (1969) for this same fold in The
Dalles, Oregon area to the west.

After model calibration, ratios of horizontal- to vertical-hydraulic
conductivity (vertical anisotropy) were calculated for the Saddle Mountains
and Wanapum aquifers. The geometric mean ratios for these two aquifers are

5.9x10-3 and 2.0x10-3, respectively. A node map of calculated ratios for the
Saddle Mountains aquifer generally shows lower values (about 4x10-4) along the

major synclines than along the Horse Heaven Hills axis (about 6.5x10'3). Both
the Wanapum and the Saddle Mountains distributions show highest values

(2.3x10-2) upgradient from barriers (faults and tight folds). In general,
there is a poor correlation between horizontal- and vertical-hydraulic
conductivities.
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Transmissivity and horizontal-hydraulic-conductivity values used in other
basalt-aquifer studies in the Columbia Plateau are compared with Horse Heaven
Hills values in table 5. In general, the upper limits to horizontal-hydraulic
conductivities are the same in all studies, but the lowest Horse Heaven Hills
hydraulic conductivities (along barrier elements) are an order of magnitude
lower than in other studies. These lower values may be due to the fact that
more severe faulting (throw) and steeper hydraulic gradients exist along the
north face of the Horse Heaven Hills than are modeled elsewhere and that lower
hydraulic conductivities were needed to simulate them. Vertical-hydraulic-
conductivity values (table 6) are not well documented from other studies, but
the mean value for the Horse Heaven Hills study area is within a half order of
magnitude of the three values cited. The range of Horse Heaven Hills
vertical-hydraulic-conductivity values is large with smaller values along the
axis of the major anticline. This large range may be more typical of the
Yakima Fold Belt than it is of the rest of the Columbia Plateau.

Model Sensitivity

Model sensitivity to change in horizontal conductivity, vertical
conductance, river-node conductance, drain-node conductance, and recharge was
measured by computing root-mean-square (RMS) changes in calculated head values
and vertical head gradients. Several comparisons were made: (1) calculated
heads and vertical gradients for all active nodes in the model were compared
to calculated heads and gradients from the steady-state model, (2) calculated
heads and vertical gradients for each layer in the model were compared to
calculated heads and gradients for that layer from the steady-state model, and
(3) calculated head values for those nodes in the model containing observation
wells were compared to the calculated heads from the steady-state model for
those nodes. These RMS differences provide understanding of how the modeled
system is affected by change in the input variables, and provides a better
understanding of the calibration procedure.

During sensitivity testing, numerical instability caused a large number
of dry nodes to develop along the axis of the anticline with Kh (horizontal
hydraulic conductivity) multipliers of as little as + 10 percent. For this
reason, the Double-Do-Loop algorithm (see Appendix) had to be used to obtain
stable solutions for most sensitivity analyses performed. Kh multipliers of
1.4 (40 percent increase) and recharge multipliers of 0.7 (30 percent
decrease) produced several dry nodes (<10) along the anticlinal axis which
could not be eliminated. A stable solution without excessive dry nodes could
not be obtained for Kh multipliers greater than 1.4 or for recharge
multipliers less than 0.7. Therefore, the range of sensitivity testing was
limited to + 40 percent for Kh and Kv (vertical-hydraulic conductivities) and
+40 percent and -30 percent for recharge. Empirically, when the RMS head
changes for all nodes in the model exceeded about 220 feet, stable solutions
with <10 dry nodes could not be obtained. The model was not as sensitive to
changes in riverbed and drain conductivities so the full range of 0.6 to 1.4
multipliers were used.

Within the range of change tested, results of the sensitivity analyses
indicate:

(1) The largest model-wide RMS changes are associated with increased Kh or
decreased recharge (fig. 29, table 7);
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Figure 29. Relation of change in mean residual water level from calibrated model to change in
recharge, hydraulic conductivity, and conductance.

matter of interest, the largest increases or decreases cause RMS change at
the observation points which exceed the mean absolute residuals (observed
as compared to calculated heads) for the steady-state model (+77 feet for
the Saddle Mountains aquifer and +96 feet for the Wanapum aquifer).

Discharge to drains and river nodes is sensitive to changes in recharge
and in the four classes of hydraulic conductivity (fig. 30). Drains in the
model represent discharge to springs and to the upper parts of drainages
tributary to the Columbia and Yakima Rivers. River nodes represent the
Columbia and Yakima Rivers and the lowest parts of these same tributaries.
Drain discharge is more sensitive to changes in conductivity and recharge than
river discharge. Drain and river discharge are most sensitive to recharge and
horizontal conductivity and least sensitive to change in riverbed
conductivity.
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Table 7. Variations in root-mean-square (RMS) error between all-node
and selected-node model results for changes in horizontal-hydraulic

conductivity, vertical-hydraulic conductance, riverbed conductivity,
drain conductance, and recharge

With 0.6 multiplier With 1.4 multiplier
Number Number
Layer of nodes RMS of nodes RMS

Horizontal-hydraulic conductivity

Head match

Layer 1 all nodes 456 146 456 396
Layer 1 selected nodes 47 129 47 506
Layer 2 all nodes 624 211 624 103
Layer 2 selected nodes 40 171 40 96
Layer 3 all nodes 636 103 636 62
Layer 3 selected nodes 1 134 1 101
All layers, all nodes 1,716 160 1,716 217
All layers, all nodes 88 150 88 376

Vertical gradient match

Layer 1, all nodes 439 39 430 45
Layer 1, selected nodes 42 53 46 39
Layer 2, all nodes 592 159 608 71
Layer 2, selected nodes 40 113 40 55
All layers, all nodes 1,031 123 1,038 61
All layers, selected nodes 82 87 86 47

Vertical-hydraulic conductivity

Head gradient match

Layer 1 all nodes 456 87 456 179
Layer 1 selected nodes 47 51 47 28
Layer 2 all nodes 624 21 624 14
Layer 2 selected nodes 40 27 40 17
Layer 3 all nodes 636 45 636 25
Layer 3 selected nodes 1 50 1 19
All layers, all nodes 1,716 54 1,716 94
All layers, selected nodes 88 42 88 23

Vertical gradient match

Layer 1, all nodes 444 54 448 29
Layer 1, selected nodes 46 57 44 31
Layer 2, all nodes 613 53 618 31
Layer 2, selected nodes 40 57 40 32
All layers, all nodes 1,057 54 1,066 30
All layers, selected nodes 86 57 84 31
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Table 7. Variations in root-mean-square (RMS) error between all-node
and selected-node model results for changes in horizontal-hydraulic
conductivity, vertical-hydraulic conductance, riverbed conductivity,
drain conductance, and recharge--Continued

With 0.6 multiplier
Number -

With 1.4 multiplier
Number

Layer of nodes RMS of nodes RMS
Riverbed conductance
Head match
Layer 1 all nodes 456 9.2 456 4.4
Layer 1 selected nodes 47 4.9 47 2.2
Layer 2 all nodes 624 9.3 624 4.5
Layer 2 selected nodes 40 4.6 40 1.9
Layer 3 all nodes 636 13 636 7.4
Layer 3 selected nodes 1 3.1 1 1.5
All layers, all nodes 1,716 11 1,716 5.8
All layers, all nodes 88 4.8 88 2.1
Vertical gradient match
Layer 1, all nodes 455 1.3 456 7
Layer 1, selected nodes 47 .5 47 .2
Layer 2, all nodes 624 5.5 624 3.6
Layer 2, selected nodes 40 2.5 40 1.2
All layers, all nodes 1,079 4.2 1,080 2.8
All layers, selected nodes 87 1.8 87 .8
Drain conductance
Head match
Layer 1 all nodes 456 18 456 10
Layer 1 selected nodes 47 23 47 12
Layer 2 all nodes 624 19 624 11
Layer 2 selected nodes 40 19 40 11
Layer 3 all nodes 636 10 636 5.5
Layer 3 selected nodes 1 19 1 10
All layers, all nodes 1,716 16 1,716 9.2
All layers, selected nodes 88 21 88 12
Vertical gradient match
Layer 1, all nodes 456 3.8 456 2.8
Layer 1, selected nodes 47 4.6 47 3.0
Layer 2, all nodes 624 9.9 624 6.1
Layer 2, selected nodes 40 8.6 40 5.0
All layers, all nodes 1,080 7.9 1,080 4.9
All layers, selected nodes 87 6.7 87 4.0
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Table 7. Variations in root-mean-square (RMS) error between all-node
and selected-node model results for changes in horizontal-hydraulic
conductivity, vertical-hydraulic conductance, riverbed conductivity,
drain conductance, and recharge--Continued

With 0.7 multiplier With 1.4 multiplier
Number Number
Layer of nodes RMS of nodes RMS
Recharge

Head match

Layer 1 all nodes 456 407 456 135
Layer 1 selected nodes 47 511 47 123
Layer 2 all nodes 624 123 624 149
Layer 2 selected nodes 40 113 40 130
Layer 3 all nodes 636 57 636 68
Layer 3 selected nodes 1 98 1 113
All layers, all nodes 1,716 225 1,716 121
All layers, selected nodes 88 381 88 126
Vertical gradient match

Layer 1, all nodes 429 36 448 24
Layer 1, selected nodes 45 29 47 26
Layer 2, all nodes 611 79 606 101
Layer 2, selected nodes 40 58 40 69
All layers, all nodes 1,040 65 1,054 78
All layers, selected nodes 85 46 87 51

Additional model runs were made to test the sensitivity of the steady-
state and transient calibrations to boundary conditions along the southern
edge of the model in Oregon. Pre-development heads (1952-55) were used in
constant-head nodes along this boundary as contrasted with the 1972-75 heads
used in the Washington part of the model. Assuming linear water-level change
from 1965-80, heads for 1973 were estimated for each layer at the boundary
(water-level declines in Oregon from 1965-80 [Oberlander, 1981] were used to
reconstruct alternative heads along this boundary), and the steady-state model
was rerun using these to see if significantly different heads were propagated
in the Washington part of the model. Model-estimated differences from the
original calibration were less than 1 foot just north of the Columbia River
and 0 within 5 miles. After measuring sensitivity of the steady-state model,
1980 heads along this boundary were estimated with the same data to test the
sensitivity of the transient calibration. Using these heads along the
boundary, the transient model was rerun and the 3-year (1980-83) change
obtained was compared to that generated with the pre-development heads
originally used for the boundary. There was less than 0.1 feet difference for
all nodes for the 3-year change. Based on these two sets of runs, the steady-
state and transient calibrations were judged insensitive to the boundary
conditions along the southern edge of the model and were accepted. It should
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be reiterated that the part of the model in Oregon was included in the model
to move the boundaries far enough away from the pumping centers in Washington
to minimize the effect of boundary conditions during the predictive runs.

Transient-model runs also were made to evaluate the assumption during
steady-state calibration that the amounts and distribution of water-level
change brought about in the Horse Heaven Hills by McNary and John Day Dams had
reached equilibrium by the 1972-75 time frame. These runs supported the
concept that: (1) water levels 1 to 2 miles on either side of the river had
essentially reached equilibrium by 1980, (2) most water levels in the central
syncline had reached 40 to 70 percent of the total predicted change, and (3)
the remaining changes in water levels in the upper central syncline and in the
rest of the Horse Heaven Hills area were negligible compared with the average
difference between measured and model-calibrated output heads.

PREDICTIVE-MODEL SCENARIOS

Before proceeding to a discussion of predictive runs on the model, a
consideration of the possible sources of water to scenario wells is in order.
The four ground-water pumpage centers (fig. 25), in T.7 N., R.25 E. and in T.5
N., and 6 N., R.23 E., and T.5 N., R.22 E., largely extract water from the
Wanapum aquifer and return part of it to the Saddle Mountains aquifer as
additional recharge. Over time, the cones of depression from these centers
must spread outward through loss of stored water and induce additional
recharge or leakage to the system and divert or reduce discharge from the
system. Along the south dip slope of the Horse Heaven Hills, and even in the
high recharge areas along the Horse Heaven Hills axis, there are no obvious
areas of rejected natural recharge (marsh areas), so it 1s reasonable to
assume that little or no additional recharge from precipitation can be
induced. To the west of the pumping centers, these cones could intercept and
reduce or eliminate seepage into the deep canyons of Pine, Wood, Alder, and
0ld Lady Creeks, and eventually Rock Creek (a total of about 22 ft3/s or
15,900 acre-ft/yr within the modeled area; an additional 8 ft%/s or 5,900
acre-ft/yr can be captured in the Rock Creek basin to the immediate west of
the modeled area). This would virtually eliminate streamflow in late summer
and early fall.

To the north, Yakima River discharge could be captured if these cones
could lower the ground-water ridge along the Horse Heaven Hills axis and move
it to the north, but linear zones of low transmissivity (barriers) on both
sides of the ridge axis would strongly buffer this tendency.

To the south and east of these pumping centers are the artificial ground-
water mounds within the Saddle Mountains aquifer brought about by infiltration
of irrigation water imported from the Columbia River. Through leakage, these
sources of water could reduce the spread of cones of depression in the Wanapum
aquifer depending on the distribution and amounts of this man-induced recharge
as compared with pumpage, and on the distribution of vertical- and horizontal-
hydraulic conductivities in the system. Last, capture of water flowing to the
Columbia River could balance pumpages, providing that wells are drilled deep
enough to induce appropriate gradients into the pumping centers. This capture
could be accompanied by a reduction of water levels and baseflow discharge on
the Oregon side of the Columbia River. In order to extract water directly
from the Columbia River, aquifer water levels near or beneath the river would
have to be lowered to elevations below the Columbia River (lake) levels. Such
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head reduction beneath the river and flow induction would depend, in part, on
the vertical conductivities connecting the Columbia River to the ground-water
system. In a like manner, water-level rises beneath areas being irrigated
with Columbia River water could, in places where unbalanced by nearby pumpage,
cause exactly opposite effects to pumpage, including increased discharge to
the surface in the form of local soil water logging and seepage, and increased
baseflow to the Columbia. In some areas, these water-level rises could cause
pressure changes which would pass beneath the Columbia River into Oregon and
cause water-level rises there.

Three different development alternatives were simulated, using specified
distribution and rates of ground-water pumpage and surface-water applications
as follows:

(1) Pumpage for already developed, certificated, and permitted acreage
(presently active wells) projected at rates for each water-right
parcel equal to the maximum reached during the previous 10 years
(fig. 28; usually this meant 1979 rates). All imported surface water
also was applied at maximum rates for that time period (table 4; fig.
26). This simulation is discussed under the heading, "Developed-
Pumpage" .

(2) All pumpage and imported water included in the "Developed-Pumpage"
simulation plus all undeveloped permits in existence (water rights
for which a permit has been issued but no well drilled). These
wells are to be pumped at a rate of 4 acre-feet per year per acre of
undeveloped land (table 3; fig. 26). This simulation is discussed
under the heading "Undeveloped-Pumpage Alternative".

(3) All pumpage and applied water in the two simulation above, plus all
pending applications for water rights (water rights applied for but
not yet granted or permitted). These wells are to be pumped at the
rate of 4 acre-feet per year per acre of undeveloped land (fig. 26).
This simulation is discussed under the heading "Pending-Pumpage
Alternative".

The total imported water for each scenario was 64 ft3/s, but this water
was reduced by 75 percent to match the quantity determined by calibration to
recharge the basalt aquifers (the rest is assumed to be evaporatranspired or
to run off). For the developed acreage alternative, pumpage totaled 41.2
ft3/s (29,800 acre-ft/yr); for the undeveloped alternative, 62.2 ft3/s (45,000
acre-ft/yr); for the pending alternative, 104.3 ft3/s (75,500 acre-ft/yr,
about two and one-half times the developed pumpage). Initial heads for each
of the three scenarios were final 1983 heads taken from the calibrated
transient model. Fifteen time steps were used with a 1.6 multiplier for each
of the 25-year stress periods.

Developed-Pumpage Alternative

Successive maps showing the spread of the cones of depression at the
10th, 50th, and 100th years after 1983 are shown on plate 1. The water
budgets for the 5th, 10th, 30th, 50th, 75th, and 100th years are listed in
table 8, and a graph showing the source of water for this pumpage is shown on
plate 1.
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Table 8. Developed acreage water budgets (in cubic feet per second)

Steady- 10-year 5- 10- 30- 50- 75- 100-
state transient year year year  year year year

In

Storage 0 11.47 29.29 25.57 16.44 11.94 9.06 2.17
Constant head 26.07 25.88 25.98 26.07 26.30 26.74 26.57 26.63
Irrigation return O 15.01 15.98 16.00 15.98 15.60 14.80 14.39
Drains 0 0 0 0 0 0 0 0
Recharge 69.74 69.74 69.74 69.74 69.74 69.74 69.74 69.74
River leakage .78 .65 .66 .66 .67 .72 .72 .72
Head dependent

boundaries 0 .002 .005 .008 .02 .02 .04 .05
Out

Storage 0 23.06 3.69 2.64 1.32 .85 74 8.02
Constant head .45 .45 .45 .44 .43 42 42 .41
Wells 0 20.9 41.21 41,21 41,21 41,21 41.21  28.6
Drains 11.9 11.75 12.62 12.92 12.83 12.59 12.36 12.21
Recharge 0 0 0 0 0 0 0 0
River leakage 84.24  87.44 83.68 80.83 73.41 69.43 66.20 64.45
Head dependent

boundaries 0 .004 .004 .003 .002 .002 .001 .001

The graphs and successive maps show the cones spreading from the two

pumping centers toward the water-import areas and toward the Columbia River.

The water supplied by storage rapidly decreases during the first 30 years and
that supplied by capture of water flowing to the Columbia River increases.

After 30 years, the aquifer storage supplies a steadily decreasing quantity
until at the 100th year it is almost zero.

Saddle Mountains aquifer nodes also are desaturated.
supplied from captured Columbia River discharge climbs to 80 percent in the
Leakage during the early years rises rapidly to 25 percent and

100th year.

Between the 75th and 100th years,
several Wanapum aquifer wells in T.6 N., R.23 E., are pumped dry and overlying

The quantity of water

stabilizes as the water imported to the Saddle Mountains aquifer leaks

downward in the central syncline to help stabilize the Wanapum aquifer cones
In the last 25 years,leakage gradually decreases as capture of
At the 100th year, the cone of depression
in the Wanapum and Saddle Mountains aquifers has crossed under the Columbia

of depression.

Columbia River discharge dominates.

into Oregon in the vicinity of Paterson.
predicted in Oregon in the Wanapum aquifer.

Water levels in the western parts of the Horse Heaven Hills study area
are lowered from 10 to 20 feet but baseflows in the streams (drains) of this

area are only slightly affected.

Water declines of 10 to 20 feet are

The ground-water ridge along the Horse
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Heaven Hills crest has been lowered a small amount and moved a short distance
to the north; however, capture of Yakima River discharge is not a major source
of water to the pumpage.

Little change in the constant head flux in Oregon has taken place during
this 100-year simulation, and the general head boundary nodes in the west are
similarly unaffected. 1In addition, water-level changes adjacent to the
eastern and western boundaries of the model are 10 feet or less, implying that
the boundaries have not significantly affected drawdowns in the model area.

Undeveloped-Pumpage Alternative

Drawdown maps (pl. 2) for the 50th and 100th year after 1983 show the
cones of depression of the undeveloped-pumpage alternative spreading more
rapidly than those of the developed-pumpage alternative. At the 50th year,
predicted water-level declines of 40 to 60 feet occur adjacent to the river in
the vicinity of Paterson and the cone has spread beneath the river into
Oregon. In addition, some Wanapum and Saddle Mountains aquifer nodes have
been pumped dry in T.6 N., R.23 E., at this date. At the 100th year,
additional Saddle Mountains and Wanapum aquifer nodes have been pumped dry in
the same area, but this dewatering is more severe than in the developed-
pumpage alternative. Greater drawdowns have occurred in T.5, 6, and 7 N.,
R.25 E., the ground-water mound in R.27 E., has been reduced in size, and the
cone has spread a greater distance into Oregon than in the developed-pumpage
alternative.

The water-budget graph (pl. 2) shows a pattern similar to the one
presented for the developed-pumpage alternative. Water supplied by aquifer
storage decreases from 100 to 4 percent during the 100 years, while Columbia
River discharge supplies an increasing quantity (from O to 75 percent) during
the same time period. Water supplied by leakage quickly rises in the early
years and stabilizes at a point where it supplies about 20 percent of the
water for the rest of the simulation.

The undeveloped-pumpage alternative does not realistically delineate the
last 25 years of drawdowns. So many nodes in the Wanapum and the Saddle
Mountains aquifers in T.6 N., R.26 E., have been dewatered near the middle of
the simulation period that some unrealistic flow paths were caused by the
deactivation of those nodes. The deactivation brought about small areas of
unrealistic predicted water-level rises upgradient. The effects, a more
severe drawdown and dewatering than in the developed-pumpage simulation, are
shown on plate 2. In this simulation, the model predicts that the high
altitude western areas around Bickleton will not be severely affected in the
first 100 years of pumpage. Predicted water-level declines are 10 to 20 feet
in the Saddle Mountains aquifer and 10 to 50 feet in the Wanapum aquifer.
Baseflow from streams in this area will not be reduced significantly. The
ground-water ridge along the Horse Heaven Hills crest to the north of pumping
centers will be lowered moderately from 10 to 50 feet, but will not move much
to the north, and captured Yakima River discharge will not be large.

Just as in the developed-pumpage simulation, model boundaries do not
affect the simulation to any appreciable extent. Discharge from the constant
head nodes in Oregon remains almost constant throughout the simulation and the
general head boundary fluxes do likewise. Near the edge of the model, water-
level changes of 10 feet or less indicate little effect.
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Pending-Pumpage Alternative

Maps of drawdowns of the 50th and 100th years of this simulation (pl. 2)
show increased effect over the undeveloped-pumpage simulation. By the 50th
year, an increased number of dry nodes appears within the Saddle Mountains and
Wanapum aquifers, in T.6 N., R.23 E., and increased drawdowns occur in T.5 N.,
R.22 E. The cone has spread a large distance into Oregon and has eliminated
the water-level rises in R.26 E., in the Wanapum aquifer. In the 100th year,
additional Saddle Mountains aquifer nodes have gone dry in the T.6 N., R.23
E., area and for the first time in T.6 N., R.25 E., where drawdowns are more
severe. In the Wanapum aquifer, the 100-year map shows that fewer nodes have
gone dry in the T.6 N., R.23 E., but several more have in T.5 N., R.22 E,

In the water-budget graph (pl. 2), the water supplied from storage
dropped faster than in the undeveloped pumpage simulation and that supplied by
captured Columbia River discharge increased more rapidly. This simulation in
the 50th to 100th year shows the same problems discussed in the undeveloped-
pumpage alternative; that is, a number of nodes go dry starting before the
25th year and these dry nodes then constitute blockage for upgradient flow.
The result is an area of water-level rise just north of the pumping centers
that is unrealistic. Even so, the 100th-year maps are worth presenting
because of the contrast and effect they show with the other two alternatives.
Boundary effects remain small in this simulation, as in the others.

Although the developed-, undeveloped-, and pending-pumpage simulations
are correctly modeled to show that Wanapum aquifer nodes are eventually pumped
dry, these dry nodes are never rewet in subsequently modeled years after the
wells are turned off. When several contiguous Wanapum aquifer nodes are
pumped dry, they act as barriers to flow from upgradient parts of the model
and cause head buildup that is unrealistic. Changes in time-stepping did not
alter this dry-node condition but an alternative reduced-pumpage scheme of
modeling the Pending-Pumpage Alternative was constructed to change some of
these unrealistic effects. In this scheme, it is assumed that when pumpage
has caused water levels to decline below the top of the Wanapum aquifer in a
node, the Wanapum pumpage in that node is reduced in each iteration in
proportion to the reduction of Wanapum transmissivity. Although reduction in
actual well yield for Wanapum pumping wells may not be linearly related to
reduction in initial transmissivity, this is one method which may more
realisitically simulate the flow system as water levels decline through time.
In the reduced-pumpage simulation, at the end of 100 years, the Saddle
Mountains aquifer has several dry nodes (pl. 2) just as in the original
simulation but the Wanapum aquifer has none. The distribution of Wanapum
aquifer water-level decline in this simulation has the same general character
and shape as the original but the damming effect of contiguous Wanapum aquifer
dry nodes is absent. Water budgets for the original and reduced-pumpage
simulations show that at the end of 100 years, pumpage is reduced 69 ft3/s or
57 percent for the original and by 58 ft3/s or 48 percent for the reduced-
pumpage scheme. A map of pumpage reduction for the Saddle Mountains and
Wanapum aquifers at the end of 100 years using the alternative scheme is shown
on plate 2.
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SUMMARY AND CONCLUSIONS

The Horse Heaven Hills area lies in the Yakima foldbelt and comprises a
large anticlinal ridge with 1,600 to 2,500 feet of structural relief and 1,400
to 3,500 feet of topographic relief; it is bounded on the north by the Satus-
Yakima syncline and on the south by the Umatilla syncline. On the south-
facing dip slope of this structure, there are large areas of dryland wheat
farming, two significant centers of irrigation from pumped ground water, and
along the Columbia River, several large irrigation centers using surface water
pumped from that river. Three basalt aquifers--the Saddle Mountains, Wanapum,
and Grande Ronde--comprise the aquifer system in the Horse Heaven Hills with
most recharge and irrigation return flow going into the Saddle Mountains
aquifer and most irrigation pumpage coming from the Wanapum aquifer.

The steady-state ground-water flow system, as modeled, includes a natural
recharge concentrated along the anticlinal ridge axis, a ground-water divide
along this axis with downward flow along its length, lateral flow along the
mid-slopes, and upward flow into the Yakima and Columbia Rivers, major drains
in the area. The three aquifers in the area have been segmented by structural
deformation into large blocks with intermediate to high permeabilities
bordered by narrow linear zones or barriers of low permeability. These
barriers lie along major faults and monoclinal flexures which border the Horse
Heaven Hills anticlinal ridge, along shear faults which occur along dip
slopes, and along the narrow Columbia Hills anticline adjacent to the Columbia
River. This segmented configuration forces ground-water flow into a step-like
pattern as it flows from the ridge axis to the rivers with narrow zones of
steep gradient and broad zones of gentle gradient. In places, there is upward
flow along the upgradient sides of barriers. Additional control of the flow
system is brought about by low vertical permeabilities along the anticlinal
ridge as compared with the major synclines. In general, there seems to be a
low correlation between vertical and horizontal permeabilities in the basalts.
In the Saddle Mountains aquifer, there is an indistinct relation of anisotropy
to the major structures with smaller ratios associated with the synclines than
with the anticlines.

Estimates of recharge, using a modified Blaney-Criddle method, yielded
results which were larger than core and moisture-content measurements of
steady-state recharge flux along gentle topographic ridge axes. However,
these calculated recharge values may be in line with steady-state flux along
small adjacent ephemeral streams which flow on loess or on the basalt. Model
calibration indicates that these calculated recharge quantities are realistic
and for this reason they were accepted.

Model calibration and sensitivity show that the low permeability barriers
exercise a large amount of control on flow in the system. 1In addition, it
supports the existence of high vertical permeabilities along the major
synclines in the area. The calibrated models show that of the 67 ft3/s of
recharge in the Washington part of the study, approximately 22 ft3/s is
discharged as baseflow to streams in the western half of the area and 45 ft3/s
is discharged to the Yakima and Columbia Rivers.

Three development alternatives were run in which 16 ft3/s of imported
surface water was recharged in the Saddle Mountains aquifer and ground-water
irrigation withdrew 41 ft3/s (developed pumpage), 62 ft3/s (undeveloped
pumpage), and 104 ft3/s (pending), respectively, from the Wanapum aquifer.
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Simulation showed, in all cases within 50 to 100 years, a number of Wanapum
aquifer pumping centers went dry and the overlying Saddle Mountains aquifer
was dewatered. At the 100th year, the system was close to equilibrium with
remaining pumpage; capture of discharge to the Columbia River ultimately
supplied about 80 percent of the water to pumpage with most of the rest coming
by way of leakage from areas of imported water in the Saddle Mountains
aquifer. Effects on stream baseflow in the western part of the area and on
domestic aquifers in the Bickleton area were small. Lowering of the ground-
water ridge along the anticlinal axis and capturing Yakima River discharge
also were small, and there was virtually no effect on the Kennewick area due
to pumping in the Horse Heaven Hills.

Modifications to the standard, modular-finite-difference, flow-model
code, as used in this study, are discussed in the Appendix of this report.
Procedures used to archive the model source code, model input data, and model
output files also are discussed in the Appendix.

On the basis of the work done to date, the following additional work
would improve understanding andallow more accurate simultation of alternative
development schemes.

(1) The computation schemes using daily weather data for calculating
ground-water recharge need to be improved. Better methods for
measuring steady-state flux need to be used beneath low-order
ephemeral streams and adjacent ridge crests so that integrated
measurements across the plateau can be used to calibrate the values
calculated from weather data.

(2) More detailed stratigraphic analysis of interbeds needs to be made to
better define the relation to vertical permeabilities in the area.
Some effort is needed to determine whether paleosoils developed on
interbed material might have produced higher clay content along the
higher structural parts of the area; places where higher rainfall due
to higher topography may have generated higher clay content in these
soils and may have produced soil horizons on the basalts themselves
that were not as well developed farther downslope.

(3) Additional evaluation is needed of the possibility that high heads
predicted by the model for the Grande Ronde aquifer in areas north of
the Columbia Hills anticline barrier and west of the shear 1 (fig. 6)
barrier may present an economic source of water for irrigation.
Another possible barrier of economic importance may be present in the
Satus Basin on the upgradient side of the east southeast oriented
fault in T.8 N. and 9 N., and R.21 E.

(4) The origin of low hydraulic conductivities in fault barriers and the
possible association with secondary clay minerals deposited during or
after fault movement could be studied in several parts of the Horse
Heaven Hills. Further evaluation of the less well-defined "barriers"
and of model sensitivity to this type of feature is needed.

(5) Additional development simulations that would more closely mimic the

interaction between water-right laws and the pattern of water-level
declines predicted by the model could be made. Evaluation of junior
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(6)

water-right pumpage and their projected contribution to water-level
declines in areas of senior water right could be evaluated in more
detail. 1In addition, scenarios that evaluate effects of current
ground-water wells pumped at the lower rates of 1982 could be tested.

As deeper well control is added in the area, horizontal and vertical-
hydraulic conductivities of the Grande Ronde aquifer need to be
better defined by testing and modeling. These conductivities are
some of the least known variables in the model.
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APPENDIX: Model Archiving

This appendix describes the process used to archive computer files
containing the source code for the finite-difference flow model plus input and
output files for the Horse Heaven Hills model. These 33 files are stored on
optical disk at the U.S. Geological Survey’s Pacific Northwest Area Oregon
District office of the Water Resources Division, Portland, Oregon. For a
nominal fee, floppy disk or tape copies of these files can be obtained from
the District Chief, Water Resources Division, U.S. Geological Survey, 10615
S.E. Cherry Blossom Drive, Portland, Oregon 97216.

SOURCE CODE FILES

The FORTRAN 66 source code for the modified modular finite-difference
flow model is stored on optical disk as file 1 (MDL.F77). FORTRAN 66 is a
subset of FORTRAN 77 and as such, can be run on most machines with present
compiling software (McDonald and Harbaugh, 1984). The main code has been
altered in the following ways:

(1) "Double-do-loop" -- During calibration, water-table and convertible-layer
nodes in the steep-sloped areas adjacent to the Horse Heaven Hills crest
were subjected to large changes in calculated head during the first
iterations, and this local numerical disturbance spread so that a large
number of adjacent nodes went dry during the first 20-30 iterations and
were eliminated from the simulation. 1In order to decrease this model
instability, coding was changed to keep values of transmissivity constant
for a selected number of iterations while allowing water levels to vary.
At the end of this iteration set, transmissivity was allowed to change and
then was again kept constant for the same number of iterations as the
initial set. Successive sets of these constant transmissivity iterations
were processed within a model run in order to dampen model instability and
allow it to converge to a reasonable solution. Usually after a
significant change in model hydraulic conductivity was made, an initial
model run was carried out using the double-do-loop coding during which
several nodes went dry. Output heads were then used as input heads, nodes
were rewetted and several additional double-do-loop model runs were made
to arrive at a stable solution.

These iterative loops are controlled in two places, in one by the first
two records placed in the Basic Package file before the heading cards, and
in a second by the MXITER variable in the Strongly Implicit package file
(the MXITER variable defines the number of iterations to be processed
within each iteration set). 1In the first of the two records, there are
two variables written in I3 format. The first of these, MXTWO, is the
maximum number of iteration sets to be processed. The second variable,
MTSAT, is an output control which directs the mapping of saturated
thicknesses for each layer at the end of each iteration set. Code a 1l to
print thickness maps and a 0 or blank to turn off the mapping option
(mapping saturated thicknesses allows the hydrologist to identify problem
areas/nodes and to understand the evolution of these problems with each
iteration set). In the second of these two records, a single variable,
TWOK, coded in F13.0 format defines the head-closure criteria desired for
termination of the model run. That is, if the head change in all nodes
from iteration to iteration is less than this amount, the model run is
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(2)

(3)

terminated and the rest of the double-do-loops are not processed. When
these functions are not needed for a steady-state run or when the analysis
is a transient simulation, code 1 and O on the first record and a 1 on the
second record. Remove these two records when using the original
(unaltered) MOD-FLOW code. The most successful combination of total loops
and transmissivity-constant iterations for the Horse Heaven Hills model
calibration was 50 iteration sets with 3 iterations in each constant-
transmissivity loop.

WELDEL -- In the Pending-pumpage scenario, two types of transient
simulations were carried out, one like the Developed and Undeveloped
scenarios in which irrigation wells in the Wanapum aquifer were allowed to
pump until the node was dried and the node and pumpage were turned off for
the rest of the simulation. An alternative simulation also was run in
which pumpage of wells in the Wanapum aquifer was altered so that when
water-level declines caused heads to drop below the top of the Wanapum
aquifer in a node, pumpage was thereafter reduced in proportion to the
reduction in transmissivity as water levels continued to drop. 1In
addition to reducing pumping rates from wells in the Wanapum aquifer, the
companion well that simulated return flow (recharge) to the Saddle
Mountains aquifer also was reduced by the same fraction. Both reductions
were carried out at each iteration during each time step.

These simulations were controlled in the well package coding within the
first record. In addition to the maximum number of wells (MXWELL) and the
record/print flag, IWELCB, a third flag variable WLDL is entered in the
30th column in I10 format. A 1 signals the model to use the WELDEL
routine in which pumpage is reduced. A O or a blank bypasses this option.
Output from the WELDEL package includes a listing for each well of the
pump period, the time step, node location (K,I,J,), pumping rate at the
end of the noted time step, and the fraction by which the original pumpage
has been reduced.

Post processing routines were inserted into the model code for selecting

pumping-periods for mapping heads and drawdowns, for reloading heads from
the preceding pumping period, for listing output heads, and for printing

budgets. Control records for these four options are placed in the Basic

package after record 3 (NLAY,NROW,MCOL,NPER,ITMUNI) as follows:

(a) MAPHED - code up to 24 pumping periods for which mapped heads and
drawdowns are desired in 24I3 format. In steady-state, code a 1 in
column 3 to get maps.

(b) LODHED - code those pumping periods for which output heads should be
reloaded as input heads for the following pumping-period calculations.
Code in 24I3 format. In steady state, code a 0 in column 3.

(c) LISTHED - Code the pumping periods for which calculated heads should
be listed for capture and reloading as initial heads for the next
steady-state run. Code in 2413 format. Code a 1 in column 3 for
steady-state runs in which listed heads are needed and a 0 when they
are not.
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(d) LISTBUD - Code the pumping periods for which budgets are to be
printed. Code in 2413 format. For steady-state, code a 1 in column 3
to get a list of budget items and a 0 if you do not want these
printed.

(4) A mapping routine has been inserted into the model code which maps input
array data or calculated output data into a 23 by 40 grid with 1/2 inch
spacing. An entire model layer can be printed onto two regulation sized
line-printer pages in this way.

If this routine is used, the output control in record 4 of the Basic
package (IUNIT 12) must be left blank.

(5) A hydrograph output post-processing routine was inserted into the model to
print drawdown values for selected nodes after each pumping period
calculations were completed. The nodes selected for such hydrographs are
listed by row and column and placed in the Basic Package file between
starting heads and the record with PERLEN, NSTP, AND TSMULT. As written,
the model requires that 14 nodes be selected and listed for each of layers
one and two (a total of 28 nodes with layer 1, the water-table layer,
listed first) even if the output is not needed. Specifically, a total of
four records are required, two for each layer. The 14 node locations for
each layer are coded in 2413 format--12 on the first and third records and
2 on the second and fourth records.

FLOW MODEL INPUT FILES

Input for seven different model runs is stored in 18 files grouped into
seven sets described below. The seven different model sets are (a) steady
state (1974), (b) transient 3-year (1980-83), (c) transient 10-year (1974-83),
(d) transient developed-pumpage scenario (100 years, 1983-2082), (e) transient
undeveloped-pumpage scenario (100 years, 1983-2082), (f) transient pending-
pumpage scenario (100 years, 1983-2082), and (g) an Oregon-drawdown-cone
projection run to equilibrium.

(a) Steady state--The seven files used in this run, Numbers 2-8, are
SSBAS, SSBCF, SSDRA, HHRIV, HHGHB, HHRCH, and HHSIP corresponding to
the Basic, Block Centered Flow, Drain, River, General Head Boundary,
Recharge, and Strongly Implicit packages required in this run.

(b) Transient 3-year and 10-year--The eight files used in these two runs
are TRBAS, TRBCF, TRWEL, TRDRA, HHRIV, HHGHB, HHRCH, and HHSIP. These
correspond to the same sequence of packages listed in the steady-
state description above. Files 9, 10, 11, and 12 are the transient
Basic, Block Centered Flow, Well and Drain packages used in the two
transient runs. The remaining packages used in these runs are the
same as in the steady-state runs. In the 10-year run, steady-state
heads were those from which final calculated heads were subtracted to
derive drawdowns. In the 3-year transient run, 1980 heads (pumping
period 14) were reloaded as starting heads and drawdowns were
calculated from these. In the first case (10-year), the LODHED
function was coded as a 0, and in the second (3-year), the LODHED
function was coded with a 14 (that is, the end of the 7th year out of
10 because a pumping period is 1/2 year long).
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(c) 100-year Developed-Pumpage scenario--The eight files used in this run
are SNARBAS, SNARBCF, DEVWEL, SNARDRA, HHRIV, HHGHB, HHRCH, and
HHSIP. The first four of these eight files comprise file numbers 13-
16. The other files were used in the steady-state run. 1983 heads
output from the 10-year transient run were used as starting heads.
Hydraulic characteristics (storage, hydraulic conductivity,
transmissivity), drains, rivers, general head boundary, and recharge
node values and SIP values are the same as those used in the
transient runs.

(e) 100-year Undeveloped-Pumpage scenario--The eight files used in this
run are SNARBAS, SNARBCF, UNDEVWEL, SNARDRA, HHRIV, HHGHB, HHRCH, and
HHSIP. The third of these files, the well package, is file number 17.
The rest have been described above.

(£f) 100-year Pending-Pumpage scenario--The eight files used in this run
are SNARBAS, SNARBCF, PENDWEL, SNARDRA, HHRIV, HHRCH, and HHSIP. The
third of these files, the well package, is file number 18.

(g) 100-year Pending-Pumpage WELDEL scenario--Wanapum pumpage is reduced
as transmissivity decreases with water-level decline. The eight
files used in this run are are SNARBAS, SNARBCF, PENWLDL, SNARDRA,
HHRIV, HHRCH, and HHSIP. The third of these files, the well package,
is file number 19.

FLOW MODEL OUTPUT FILES

Files 20-26 are output files from the seven model runs, respectively

noted above:

(a)

(b)

()

(d)

file 20 (steady state)--Most input data files are mapped in this output
including the three boundary arrays, hydraulic conductivity, bottom
elevation, and vertical conductance of the upper two units, and the top
elevation of layer 2, plus the transmissivity of the bottom layer.
Drains, recharge, river reaches, and general boundary node values are
listed as are the fluxes from or to these nodes. Last, calculated heads
for each layer are mapped and the budget is listed.

file 21 (transient 3 year)--Boundary arrays are mapped as are primary
storage arrays but basic input data for hydraulic conductivity and
conductance, structure and recharge are not mapped. Wells plus drain,
recharge, river-reach, and general head boundary nodes and fluxes are
listed and calculated heads and drawdowns are mapped. Finally, the budget
is listed.

file 22 (transient 10 year)--Calculated heads and drawdowns are mapped and
the budget is listed.

file 23 (100-year developed-pumpage scenario)--Calculated heads and
drawdowns and budgets are mapped/listed for 25, 50, 75, and 100 year
intervals of time as well as flux rates to head dependent boundary nodes
and wells.
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(e) file 24 (100-year undeveloped-pumpage scenario)--Same as (d) above.

(f) file 25 (100-year pending-pumpage scenario)--Same as (d) above.

(g) file 25 (100-year pending-pumpage scenario)--Same as (d) above.
COMMAND INPUT FILES

The command input files for compiling the model and for the seven runs
discussed above comprise files 27-33. File 29 is setup for either the
transient 3 year or 10 year runs and only the LODHED coding is different in
the two. The steady-state file is file 28, and 30-33 are, respectively, the
100-Year Developed, 100-Year Undeveloped, 100-Year Pending, and Oregon-Cone
files. Files 28-33 require the segmented code runfile created by the
MDLSEG.COMI (file 27).

Table Al. File descriptions

File Filename Description of file

1 MDL.F77 Source code for the modular flow model version used
in the study

2 SSBAS Basic package input file for steady-state run

3 SSBCF Block centered flow package input file for
steady-state run

4 SSDRA Drain package input file for steady-state run

5 HHRIV River package input file for all runs

6 HHGHB General head boundary input file for all runs

7 HHRCH Recharge package input file for all runs

8 HHSIP Strongly implicit procedure input file for all runs

9 TRBAS Basic package input file for transient 3-year and
10-year runs

10 TRBCF Block centered flow package input file for 3-year and
10-year transient runs

11 TRWEL Well package input file for 3- and 10-year transient
runs

12 TRDRA Drain package input file for 3-year and 10-year
transient runs

13 SNARBAS Basic package input file for 100-year scenario runs

14 SNARBCF Block centered flow package input file for the 100-
year scenario runs

15 DEVWEL Well package input file for the developed-pumpage
scenario run

16 SNARDRA Drain package input file for the 100-year scenario
runs

17 UNDEVWEL Well package input file for the undeveloped-pumpage
scenario runs

18 PENDWEL Well package input file for the pending-pumpage
scenario run

19 PENWLDL Well package input file for the pending-pumpage
WELDEL scenario

20 STEDST Output file for steady-state model run
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Table Al.

File descriptions

File Filename Description of file

21 TRAN3YR Output file for 3-year transient run

22 TRAN10YR Output file for 10-year transient run

23 DEVWEL100 Output file for 100-year developed-pumpage scenario
run

24 UNDEVWEL100 Output file for 100-year undeveloped-pumpage scenario
run

25 PENDWEL100 Output file for 100-year pending-pumpage scenario run

26 PENDWLDL100 Output file for 100-year pending-pumpage WELDEL
scenario run

27 MDLSEG.COMI Command input file that compiles and loads the flow
model source code as a segmented code runfile

28 STED.COMI Command input file for steady-state run

29 TRAN.COMI Command input file for 3-year and 10-year transient
runs

30 SNRDEV.COMI Command input file for 100-year developed-pumpage
scenario run

31 SNRUND.COMI Command input file for 100-year undeveloped-pumpage
scenario run

32 SNRPEN. COMI Command input file for 100-year pending-pumpage
scenario run

33 SNRPENWLDL.COMI Command input file for 100-year pending-pumpage WELDEL

scenario run
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